Abstract. Bringing the car into a skid is realised by the adhesion force decrease. This can be reached either by a coefficient of adhesion decrease or decrease of a radial reaction on the vehicle's wheel. For the purpose to the vehicle's behaviour change according to stability we chose the way of radial reaction change. To decrease the adhesion force transferred by the vehicle's wheels, the required part of radial reaction of a particular vehicle's wheel was transferred to the road, out of the vehicle's wheels, using additional auxiliary wheels. The auxiliary wheel units are connected to suspension arms. The article contains individual currently used ways for the adhesion force change and the unique way in the form of the system SlideWheel designed by the authors. The system SlideWheel, which was designed by the authors of this article, consists of three circuits. The first circuit is the mechanical part of the wheel unit, the second one is designed in the form of a hydraulic system and the third circuit is an electrical system used to control the wheel unit's lift through the hydraulic system. The system was designed to be used for experimental measurement purposes in education in order to experimentally simulate oversteer or understeer of the vehicle. The real measured data from a particular drive test are stated and evaluated in the conclusion. The measurement is implemented on a special experimental vehicle equipped with the SlideWheel system. Based on the experimental measurements, we have come to the conclusion that using the SW system, it is possible to change the adhesion force of a road vehicle.The paper deals with a new system for radial reaction change of vehicle wheels. This system has minimal added weight to the vehicle. At the same time, none of the components exceeds the ground plan of the vehicle. With the newly created system, it is possible to reduce radial reactions on any car wheel. The measured results are consistent with the vehicle's ride on sliding surfaces.
Introduction
With regard to the advent of self-driving road vehicles, it is necessary to put great emphasis on the road safety. Safety is largely affected by the driver's skills, car design maturity [1] , tyre quality [2] and, last but not least, the maintenance level and quality [3;4] . In any case, there are always the laws of physics that even state-of-the-art electronic systems are not able to get around [5] . The main cause of a traffic accident is skidding, which is affected by the car design, tyre conditions, driving style, as well as the car parameters [6;7] . From this perspective, cars are tested for stability, especially in the longitudinal direction, i.e., resistance to longitudinal shear. Verification of the car behaviour can be done in the form of test drives under real conditions [7;8] . These tests are mainly carried out on preseries cars. In the early development of a vehicle or its systems, it is necessary to carry out experimental measurements under model conditions at a lower speed from the point of view of the testing safety.
Driving a car at a skid level at 'safe' speed can be achieved in two basic ways. The first way is to reduce the adhesion coefficient between the tyre and the road. This can be done by using a sliding surface in the form of a slide film or slide paint [9] . To reduce the coefficient from the side of the car wheel, it is possible to achieve the Easy Drift Ring slide tyres. The second way to reduce adhesion is to reduce the radial reaction of the car wheels. This can be achieved by means of an additional frame with support wheels. They carry the required part of the radial reactions, the amount of which is needed to reduce the radial response of the car wheels. This system is commercially available under the name SkidCar. The disadvantage of the SkidCar system is that the frame exceeds the design of the car and there is also a significant increase in the car kerb weight. The results, collected during the experimental test, are presented and discussed.
Materials and methods
The workplace of the authors works with a system that, by turning the rear axle wheels, will delay the formation of the car skidding. The authors' workplace has only limited spaces where sliding surfaces cannot be used; therefore, we changed the adhesion coefficient by reducing the radial reactions on the car wheels. The alternative SkidCar exceeds the design of the vehicle with its dimensions, and is therefore inappropriate for the needs of testing the developed rear axle wheel steering system. We proceeded to develop our own system called SlideWheel (SW); see Fig. 1 .
We had to find a way to skid a car at the so-called "safe" speed for the initial testing of the developed system. We used a speed at which collision does not have serious consequences and, at the same time, it is possible to objectively control the car to a limited extent based on the driver's experience as the safe speed; that is, 50km
. h -1 .
The car side skid that occurs when the longitudinalforce is greater than the lateral links between the tyre and the road is selected as the limit state [10] . These contact links are affected by the maximum adhesion force vector. One of the primary options to reduce the risk of skidding in the vehicle's construction is to use simulation programs [11;12] , followed by real test drives, where the mutual agreement of the results is verified. Relation (1), which describes the size of the lateral force which must be equal to the centrifugal force, applies for the movement of the vehicle at the skid level.
where F ady -side force, N; F o -centrifugal force, N; G -gravity of the vehicle, N; φ -coefficient of adhesion; β -slant slope of the road, degrees. The SW system requirements are to provide the necessary lightening of the car wheel with minimum lifting of the sprung masses. At the same time, the car's behaviour cannot be significantly affected. The SlideWheel system is an additional device to complement the chassis of the experimental car. It is an electro-hydraulic system that allows the car to achieve different adhesion conditions. The system consists of four wheel units, a hydraulic unit with a control circuit. It is possible to partially lighten the front axle, the rear axle or both axles at the same time or any wheel with an electronically controlled hydraulic circuit. This can be done in any range of radial reactions. The SlideWheel system is built directly for the experimental vehicle. The dominant element in relation to the flexibility of the SW system and the noise emitted during the drive are the support wheels, where the determination of their radial stiffness is detailed in [2] and the noise emitted in [13] . 
. Compact wheel unit
We used a slalom test drive to verify the behaviour of the vehicle with the SW system. At the same time, we compared the measured waveforms of the experimental vehicle with the SW system with the experimental vehicle drive on a sliding surface. The essence of the test is for the vehicle to pass through a defined corridor between the cones at a predetermined speed. This speed is a speed, at which it is possible to drive through the corridor on the sliding surface. The construction of the corridor is evident from Fig. 3 . We conducted the test drive for 50 % radial response on the car wheels.
We recorded the following quantities to monitor the vehicle behaviour during the test drive [10] .
The speed v, slip angle ϕ and the vehicle turning speed ω were measured using the Correvit. The steering wheel turning angle β v was measured by an analogue cable position sensor, which was wound on the steering column and further calculated according to relation (2) . The longitudinal a y and longitudinal a x acceleration using the acceleration sensor and the body pitch angle β i were calculated from the signals of a pair of ultrasound distance sensors located at the place of the centre of gravity along the sides of the car.
where β v -actual steering angle, degrees; β vo -steering angle for compensatory measurements, degrees; l l -ejecting the sensor rope, m; r v -radius of the steering shaft, m. Before we started a series of test drives, we had performed compensation measurements. Compensation measurements are used to verify the functionality of the measuring chain and as a data set for subsequent off-time correction. The correction is necessary in terms of removing mounting and technical derogations in the installation of the measuring instrument on the car and to eliminate the tilting of the car body when changing the radial reactions on the car wheels. The compensation measurements were performed in the form of seven repeated measurements at direct steady drive in both directions on a 30 m track. In this way, we obtained quasi-static waveforms of the measured quantities for direct drive on a horizontal road (marked with index O). We removed the remote values from the measured compensation measurements, which were obviously unrelated to the car behaviour. The values were averaged. Thus, the values of the longitudinal a x0 and longitudinalacceleration a y0 , the height coordinates of the left H 30 and the right H 40 side of the body part, the slip angle φ 0 and the turning speed ω 0 and the steering wheel turning angle β vo we obtained and used for the off-time correction of the measured waveforms from the test drives.
The graphical representation of the body tilt angle is in Fig. 3 and it was calculated using relation (3), where H3i (H4i) is the distance of the measuring point on the left (right) side of the body from the road at the time t i ; B x is the distance of the measuring points in the longitudinalplane of the car; H 30 (H 40 ) is the distance of the measuring point on the left (right) side of the body from the road at a constant vehicle speed. Each slalom test drive was performed 10 times for the sake of repeatability. We compared the test results and verified their validity. When processing the measured data, we performed a quick check to see if they corresponded to the expected waveforms. We then removed the remote values. If more than 2 tests were obviously different, we identified the cause and repeated the experiment set. Since these are comparative measurements for each mode of performing the given test drive, it is not necessary to recalculate the measured value waveforms into the centre of gravity of the car.
The measured waveforms of ultrasonic distance sensors were smoothened by means of the moving average at the time interval t = 0.2 s, when a significant distortion of the measured waveform does not yet occur. The signal from the longitudinal and longitudinal acceleration sensors was smoothed by means of the moving average at the interval t = 0.2 s. The car turning speed signal and the slip angle signal were again smoothened using the moving average at a defined time interval, and then subjected to an off-time correction based on the data obtained from the compensation measurement.
The 
Results and discussion
There are values in the measured properties of the given quantities that are caused by the position of the car due to the car being driven to the experimental measurement at the interval before the car starts. Especially the car appendages are not balanced, but with the so-called prestress caused by braking the car by the service brake. When starting, there is a rapid increase in the longitudinal acceleration. Similar prestress occurs in the car appendages as when braking. We were forced to make a rapid acceleration because of a short starting track. Therefore, the measured quantities are not evaluated in the time interval before entering the test corridor.
The difference in the speeds of driving through the corridor (Fig. 5) is caused by the driver, when the driver perceived the speed as limited on the dashboard and, therefore, on the basis of subjective perception. The steering wheel steering angle β v waveform is also determined by the subjective perception of the given corridor by the driver (Fig. 6) . To exclude the subjective influence, it is possible to use a driving robot.
The body tilt angle β i (Fig. 6 ) corresponds to the vertical position change values on the sides of the body. The body tilt is limited due to the use of a wheel unit (Fig. 2) under the lower McPherson strut arm. The tilt of the bodywork in the experimental vehicle is up to 3.3º. On the vehicle with SlideWheel, the angle of the bodywork is up to 0.65º. This changes the car suspension kinematics and the body movement is significantly limited compared to the experimental vehicle on the sliding surface. The size of the lateral acceleration a y is lower in SlideWheel than in the experimental vehicle EX. Still, it is obvious that the car was moving at the skid level. The proximity of the skid level is also evident from the steering wheel steering β v , when it is necessary to turn the steering wheel by a larger angle for a similarly high turning velocity ω (Fig. 9) . The change in longitudinal acceleration (Fig. 10) is due to the rapid acceleration before entering the driving corridor of the experimental test, as mentioned above. During the test drive, it is affected by the rotation of the car wheels in the lock position.
From the experimentally measured test drive data it was confirmed that it is possible to reduce the adhesion force transmitted by the car wheels on the road by reducing the weight component on the car wheel with additional wheel units, with unchanged size of the adhesion coefficient. The measured waveforms of typical quantities are similar when comparing the SlideWheel with the sliding surface EX. Significant difference occurs only in the body tilt angle of the experimental car. It is also true for driving on the sliding surface that the car body tilting decreases as the adhesion force transmitted by the car wheel decreases, and the difference in the body tilt angle between the experimental vehicle and the experimental vehicle with the SW system decreases. The initially designed SlideWheel system used on the experimental car proved to be promising. Despite the fact that the measured waveforms of the body tilt were different, when compared with the sliding surface waveforms. We are creating a dynamic version of SlideWheel at the training workplace, which will allow for a more intense tilting of the car body, and the measured waveforms will be even closer to the sliding surface waveforms. More detailed monitoring of the SW behaviour is the subject for further research.
Conclusions
1. With SlideWheel, it is possible to change the adhesion force of cars; 2. The body tilt angle is limited compared to the vehicle on the sliding surface; 3. Other measured parameters are mutually consistent between the sliding surface and the SlideWheel system; 4. The SlideWheel system opens new possibilities for testing driver-assistance systems in a limited test space.
